Previous research has highlighted the difficulty that infants have in learning to use color words. Even after acquiring the words themselves, infants are reported to use them incorrectly, or overextend their usage. We tested 146 infants from 5 different age groups on their knowledge of 6 basic color words, red, green, yellow, blue, black, and white, using an intermodal preferential looking task. The results showed that infants show reliable comprehension of color words as early as 19 months of age. No order of acquisition effects were observed. In addition, infants' behavior in the task was facilitated by the provision of redundant noun information, "Look at the red car," and even general referential noun phrases, "Look at the red one," with greater looking to the target than when the color label was not presented in adjective position, "Look, red." The findings indicate that color words may be learned with greater ease than previously thought, verifying recent parental reports showing similar findings. The findings also suggest that 19 month olds have already developed an expectation that color labels should occur in adjectival position.
The nature and timing of color word learning has been a topic of much debate. Early reports suggested that color words were produced correctly as late as 7 years of age (Heider, 1971) . Later evidence suggested more precocious knowledge of color terms before 4 years (Bornstein, 1985; Franklin, 2006; Pitchford & Mullen, 2002) and some level of production during the second year of life (Mervis, Bertrand, & Pani, 1995; Shatz, Behrend, Gelman, & Ebeling, 1996) . Even when the color labels themselves are acquired, their usage was thought to be riddled with errors. Children regularly have more difficulty with some colors than others, particularly nonfocal colors (Andrick & Tager-Flusberg, 1986; O'Hanlon & Roberson, 2006; Pitchford & Mullen, 2001 , 2005 , and having learned them they apply the color terms inconsistently (e.g., Kowalski & Zimiles, 2006; Pitchford & Mullen, 2003; Rice, 1980; Roberson, Davidoff, Davies, & Shapiro, 2004; Sandhofer & Smith, 1999; Soja, 1994) .
Studies to date have therefore found it difficult to establish a clear timeline for when color words are learned, which has lead to various theories about why they might be so difficult for children to learn. Explanations have varied from children's inability to abstract the category boundaries to map the categorical color words (Andrick & Tager-Flusberg, 1986) , to infants lacking a conceptual representation of color (Kowalski & Zimiles, 2006) , and to linguistic and attentional constraints (O'Hanlon & Roberson, 2006) .
More recent work has found evidence that color words may be learned like slow-mapped categories, with a partial comprehension preceding production, and that comprehension is slowly refined as the infants learn more about the category (Wagner, Dobkins, & Barner, 2013; Wagner, Jergens, & Barner, 2018) . These claims find further support in studies of cross-linguistic parental report data (Forbes & Plunkett, 2018) , which found that in 11 different languages, parents reported an early color word comprehension prior to production. One of the aims of the present study is to examine the acquisition of color words further with experimental, behavioral data. Forbes & Plunkett (2018) reported evidence for color word comprehension beginning much earlier than previously found, with around 50% of infants comprehending the four basic colors by 21 months of age. In an investigation of the relationship between color word comprehension and production, Wagner et al. (2018) found signs that infants with a mean of 23 months of age, comprehended color terms, based on evidence from eye-tracking experiments and parental report. Yet despite evidence verifying parental report as a reliable estimation of children's word learning (e.g., Dale, 1991; Mills, Coffey-Corina, & Neville, 1993 , 1997 , there has also been debate about the validity of parental reports (Houston-Price, Mather, & Sakkalou, 2007; Tomasello & Mervis, 1994) . The Forbes & Plunkett (2018) findings were also in stark contrast to previously collected behavioral data (e.g., Pitchford & Mullen, 2002; Sandhofer & Smith, 1999) , making it unclear whether their findings are a result of the methods used, or consistent with children's real comprehension of color words; a question conflated by the fact that many previous behavioral studies used production as a measure, or required the child to interact with the experimenter.
Measuring color word comprehension with a behavioral task is complicated as it raises the question of color preferences. In a controlled trial, if an infant reaches for the red shape having been prompted to "find the red one," that may be as much due to red being a color of interest as to their possible comprehension of the word red. Color preferences in infants have been welldocumented, finding that even in prelinguistic infants, infants look longer at red hues as opposed to green hues (Franklin, Bevis, Ling, & Hurlbert, 2010) and that the preference for red is consistent across context (Franklin, Gibbons, Chittenden, Alvarez, & Taylor, 2012) . Despite these findings, behavioral measures have yet to evaluate color word comprehension uncontaminated by color preferences, which is one of the key aims of this study.
In controlled experimental conditions, infants often have great difficulty mapping adjectives to object properties (Mintz & Gleitman, 2002; Waxman & Markow, 1995) . Color is no exception to this. Children finding mapping a novel adjective on to a color to be a very difficult task (e.g., Booth & Waxman, 2009 ). Additional linguistic context may make the mapping process easier, such that a child may find it easier to attend to an object property when a specific noun is provided. For example, the child may affix their gaze on the red car more readily when hearing, "look at the red car," than when hearing "look at the red one" (Mintz & Gleitman, 2002) . The present study also aims to address this question, by manipulating the context in which the target color words are presented, and examining whether the context influences their recognition of the target.
The present study addresses each of the preceding questions by measuring color word comprehension using intermodal preferential looking (IPL) procedures (Golinkoff, Hirsh-Pasek, Cauley, & Gordon, 1987) . Each IPL trial can be examined in two steps: the prenaming phase, which provides information about the baseline preferences infants have for one color over another, and the postnaming phase, which measures their responses to auditory prompts. Based on the parental report studies of Forbes & Plunkett (2018) . It was hypothesized that the four chromatic color words would be learned by the 24-month-old mark, earlier than previous behavioral experiments have shown. In addition, the present study aimed to examine how the provision of different types of sentential information affects infants' comprehension of a color word, by using three structures that differentially highlight the adjectival status of the color word. We predicted that the infants would look more reliably to the target when the color word was embedded in a prototypical adjectival position, in line with the findings of Mintz and Gleitman (2002) .
Method Participants
Participants were recruited in five age groups: 30 participants at 12 months were recruited for a baseline no-comprehension control, as they were unlikely to understand color words at that age; 28 participants at 48 months were recruited as the comprehension control group, as they were likely to comprehend all the color words by that age. In between these groups, 29 participants were 16 months, 31 participants were 19 months, and 28 participants were 24 months, comprising the main experimental groups (N ϭ 146). An additional 23 participants were excluded for fussiness or parental interference with the task, and an additional five participants were excluded for failing to complete at least one trial with each color as both distractor and target. Participant information is presented in Table 1 .
All participants were contacted after recruitment at the local maternity ward or online. Participants with one parent or grandparent with color vision problems were not tested for this study. All participants were monolingual, with English as their first language.
Materials
Auditory stimuli were recorded by a native female speaker of Southern British English, speaking slowly and clearly in an infantdirected manner. The auditory stimuli consisted of three different sentence types: sparse ("Look, red!"), general ("Look at the red one!"), and informative ("Look at the red car!"). Note that in all cases, attention to the color label alone is sufficient to succeed in identifying the target. Both the color and the named object varied depending on what was shown on the screen.
Visual stimuli were all objects that should be familiar to infants in daily life, such as vehicles, items of clothing, or furniture. Each object was chosen to be an object without a typical color, and that could be easily recolored. In each trial, the same object was presented on both the left and the right of the screen, varying only in the color. Objects could be any one of six colors: red, blue, green, yellow, black, or white, and each color was selected to be a typical example of the color category and confirmed to be so by independent observers as well as during pilot testing. Where necessary, objects were recolored in the GNU Image Manipulation Program (available at www.gimp.org).
Participants saw each color three times as a target, one corresponding to each of the sentence types, for a total of 18 trials. Participants were randomly assigned to different lists to counterbalance which target colors appeared against which distractor This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
colors and counterbalancing which colors appeared with which objects. Trials were left-right randomized. All trials were run using a custom script in MATLAB (The Mathworks Inc., 2014) and recorded using a Tobii TX300 eye-tracker (Tobii Technology AB, Sweden), recording at 120 Hz.
Procedure
On arrival at the lab, participants and caregivers were shown to a playroom to allow them to familiarize themselves with the laboratory settings. During this time, caregivers were asked to fill out consent forms, as well as a parental report, asking whether their child comprehends or comprehends and says each of the 11 basic color words (for details see Forbes & Plunkett, 2018) . After this warming-up period, participants were seated on the lap of the caregiver, roughly 75 cm from the eye-tracker and presentation screen.
The experiment commenced with a nine-point calibration sequence, which was repeated until at least seven of the nine points were calibrated successfully, after which the trials commenced. Each trial lasted for 9 s, the first 2 s of which was an attractive attention getter designed to orient the participant's attention to the center of the screen. Immediately after, the two images appeared on the screen, on a neutral gray background. The auditory stimuli were presented so that the onset of the target color word occurred exactly 2 s after the images appeared. Trials continued for another 5 s after the onset of the target color word. For each participant, target-distractor color pairings were counterbalanced, for example, if a participant saw a blue chair as a target against a red chair as a distractor (see Figure 1) , then he or she would also see the red chair as a target against the blue chair as a distractor. Comparing each target color with multiple distractor colors in this way dramatically reduces the likelihood of participants using mutual exclusivity to search for the named target, meaning that they are most likely to have to rely on their knowledge of the target color label.
Analysis
Data for infant fixations were extracted with a custom MATLAB script. A fixation was defined as a stable gaze in one location for at least 100 ms, allowing for a small amount of dispersion to account for the unsteadiness of the infant gaze. The area of interest around each image was expanded slightly to allow for the same unsteadiness so that the borders of each image were expanded by 25%. Trials were removed prior to analysis if more than 60% of the trial was lost as a result of the infant focusing attention away from the screen. This threshold was set more generously than usual to account for the fact that infants are more likely to lose attention in such long trials. For each analysis, the variable of color was dummy coded, whereas age and time elapsed during the trial were treated as continuous numeric variables.
Analysis was completed in R, using the MASS package (Ripley et al., 2017) and eyetrackingR (Dink & Ferguson, 2015) . In the prenaming phase, the data were aggregated across the prenaming period so that for each participant, each color could be compared to every other color.
For the postnaming phase, the decision was made prior to analysis to use data from 0 to 3,000 ms after the target word onset, as we hypothesized that as the trial proceeded, the influence of color preference may overrule the effect of naming. In the postnaming phase, there were two main analyses. In the first, a naming score was calculated for each participant. The naming score was the proportion of looking to the named color in the first 3,000 ms after target word onset minus the proportion of looking to that color before a target was named.
In the second postnaming analysis, data were analyzed using a binomial mixed-effects mode. For this analysis, rather than modeling the proportion of looks to the target, which would allow the color preferences of each infant to bias the result (as each infant may have individual preferences), data were aggregated to obtain the number of looks to each color in each time bin for each participant when that color was the named target and aggregated again for each color when it was the distractor. The proportion we examine in the postnaming phase is that of the proportion of looks to any given color when it was named versus when it was not, for each participant, color, and time bin. The proportion calculated is thus the number of looks to the target color when it is the named target, divided by when that same color is the distractor, for each participant and time bin. In other words, for a given participant i and color j:
In the sentence type analysis, data were aggregated to calculate the proportion of looks to the named target color for each participant and sentence type. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Results

Prenaming Phase
In the prenaming phase, the data can be used to analyze the overall baseline color preferences of the participants to determine whether baseline color preferences would affect the infant's looking to the named target. The proportions of looking to each color against each other color are shown in Figure 2 . The figure is a matrix of preference for each color against each other color, where red suggests a preference for looking to that color, and yellow suggests a preference for looking away from that color. The figure indicates a strong preference to look to red over most colors, and a strong preference to look to any other color, when the color shown is white.
The prenaming phase data were fitted with a multilevel linear regression using the package lme4 (Bates et al., 2017) . The model included Color 1 and Color 2 as fixed effects (see Figure 2) , and varied the intercept for each participant, to allow for individual variance. The model coefficients (see Table 2 ) depicted graphically in Figure 2 demonstrate strong evidence for looking toward red and for looking away from white. Although these are only compared with black in the model, they reinforce the pattern that is shown in Figure 2 .
These findings highlight the need to correct for color preference in the analysis of the postnaming data, as infants show a strong preference for red and a strong preference for any color over white. The proportions also suggest some basic evidence for a preference for green over blue and yellow, for black over blue, green, and yellow, and for yellow over blue. The results of this analysis are consistent with previous reports of infants preferring red hues over other hues; but, in contrast to previous work, we did not find a strong preference for blue hues (e.g., Franklin et al., 2010; Teller, Civan, & Bronson-Castain, 2004) .
Postnaming Phase
In the postnaming phase, looking was first aggregated across the first 3,000 ms of trial time to calculate whether color word responses improved as the trial time increased. Participants were assessed on their looking to the target after the color word was named, compared to before the target was named; consistent looking to the named target when prompted would suggest comprehension of the target color word. This naming score at each age group was compared to the null hypothesis of no difference between the two time periods ( ϭ 0) with one-sample t tests. At 12 months, there was no evidence that the infants comprehended color words, t (29) Figure 3 .
To further analyze the differences in colors and looking over the trial time, looks to each color when it was the named target and when it was the distractor were modeled with a binomial logistic mixed-effects regression, using the function glmmPQL in R. The regression was fitted with quartic orthogonal polynomials of the time elapsed after target word onset (Mirman, 2014) . The numeric variable of participant age and the categorical variable of color Age Group Naming score Figure 3 . Naming score in each age group. The naming score represents the proportion looking to the target color after it is named, minus the average looking proportion to that target color in the prenaming phase. See the online article for the color version of this figure. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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were included in the model. In addition, both the intercept and the slope of color were allowed to vary for each participant to allow for the fact that comprehension of different colors may vary greatly between individuals. (See Table A1 in the Appendix for a full list of effects). The regression analysis demonstrated strong evidence for an effect of both the linear time term and the cubic time term and for an interaction between both of those time terms and the age of the participant. There was no strong evidence for an effect of color, although there was evidence for interaction effects between some of the time terms and red and blue, suggesting that overall looking proportions for each of the colors may not have varied much, although there were some differences in the looking patterns for each color.
The model fit (see Figure 4) shows looking proportions for all colors at around chance at both 12 and 16 months, then at 19 months there is consistent looking to the target above chance, which becomes slightly more consistent at 24 months. The 48 month olds consistently look to the target. The model fit also demonstrates very little difference between the colors, with looking to the target largely at chance for all six colors at 16 months, and above chance for the age groups thereafter.
Comparison With Parental Reports
Participants' performance in the eye-tracking task was compared with parental reports of the participants' understanding of these color terms. The parental report data were derived from the reports they were asked to fill out when arriving at the lab (see the online supplementary materials as well as Forbes & Plunkett, 2018 , for more information on the parental report). Participants were marked as comprehending the color words in the eyetracking task if their adjusted target versus distractor proportion for each color (used in the above model) across all trials for that color exceeded 0.55.
Collapsing across age, a chi-square test was performed on whether or not they looked more to the color word when it was the target than when it was the distractor versus whether they were judged to have comprehended the color term according to their parents. A strong association was found between parental report data and eye-tracking data for the color word comprehension, 2 (1) ϭ 44.207, p Ͻ .001. Participants were then taken as "knowing" color words in general if they knew four or more color words according to each measurement (i.e., parental report comprehends, parental report comprehends and produces, and eye-tracking comprehends). The proportions of participants who knew color words according to each measure was compared in each age group with a binomial regression, treating age as a categorical variable to allow for analysis of the difference in each age group. A comparison is shown in Figure 5 .
The results suggest a clear effect of Age group, and a possible interaction with comprehends as measured on the parental report at age 24 months. Figure 5 demonstrates the close relationship between the eye-tracking results and the parental report results, where the eye-tracking results follow a similar trajectory to the parental report results. The full results are presented in the Appendix; see Table A2 Sentence Type Analysis As previously mentioned, there were three types of utterance used to introduce the color terms.
Sparse: "Look, red!" General: "Look at the red one!" Informative: "Look at the red chair!"
The effect of sentence structure on participant performance was analyzed using a binomial mixed-effects regression, with quartic polynomials as mentioned in the preceding text. The age of the participants and the sentence type were included as fixed effects, and the intercept and slope of Stimulus type were allowed to vary for each participant. Lengths of each stimulus from target word onset until auditory stimulus offset are recorded in Table 3 .
The model coefficients (see Table A3 in the Appendix) suggest strong evidence for a difference between the stimulus types (especially the difference between sparse and informative, t ϭ 2.883, p ϭ .004) and also in their interactions with all of the polynomial time terms. There was also strong evidence for an interaction between the differences in stimulus type and age (p ϭ .004 and p ϭ .002, respectively). This demonstrates that the stimuli types that gave participants more contextual information better enabled them to locate the target. Figure 6 demonstrates the model fit. Of particular interest is the 16-month age group, where the model fit shows that having more context (the general and informative cases, respectively) enables the infants to look to the target above chance, although this is not true in the sparse condition. This demonstrates how being in the prototypical adjectival position may enhance infants' comprehension of color words.
Discussion
This study has demonstrated several important aspects of children's color word learning. First, the study has found strong This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
evidence for early color word learning in British infants, supporting the recent parental report analysis by Forbes & Plunkett (2018) . The present study finds evidence of comprehension of basic color word knowledge as early as 19 months, much earlier than was found in many previous behavioral analyses (e.g., Pitchford & Mullen, 2002; Sandhofer & Smith, 1999) . In fact, Forbes and Plunkett's (2018) parental report study found that color words were only comprehended by around 25% of infants at 19 months; in contrast the present study found reliable looking to the target at that age across all six colors tested, suggesting that British parents may be very conservative when estimating the comprehension of abstract word categories of their children, a possibility previously suggested by Styles and Plunkett (2009) . The present study also builds on those data by demonstrating the validity of parental report in evaluating children's knowledge of abstract categories of words such as color words, supporting the findings of Wagner et al. (2018) . Our study also highlights the role that sentence structure plays in revealing children's understanding of the meaning of color words. In addition to reinforcing previous findings (Mintz & Gleitman, 2002) , this raises important considerations about the role that a color word plays in the context of a sentence. The color word being in the penultimate position may confirm to toddlers that it is the property (of color in this case) and not the object label that is being addressed, which suggests the possibility of an early understanding of how object properties should modify objects. Although Mintz and Gleitman (2002) used a very different paradigm to investigate the nature of adjectives, they found that when the target was named, participants were more likely to extract the property information from the linguistic signal.
The present findings suggest that infants expect color words to describe a noun, rather than be the object of a sentence itself. As color words, and adjectives in general, primarily describe the properties of an object, they appear to be most informative and easiest to decipher when more context is provided about the object which they describe. Mintz and Gleitman (2002) infer from their results that labeling the noun gives parameters to understand the adjective, an explanation that may have some weight in this circumstance given the real-world stimuli employed in the present study. The results are consistent with an account that supposes that color words are processed more effectively when given in context, being the difference between comprehending and not comprehending at 16 months.
Finally, this study demonstrates strong preferences for red objects over other colors, demonstrating the importance of controlling for color preferences. Although this will likely be affected to an extent by the choice of background color, it lends further support to previous studies that have found a preference for the color red (Franklin et al., 2010) .
There are some key differences found between the present study and our recent parental report study (Forbes & Plunkett, 2018) . One such example is that very little difference was found between the six colors, whereas the parental report study found that black and white were learned after the four basic chromatic color words. An explanation for this may be that the gap between each of the age groups in the current study is sufficiently large that the differences in when the color words are learned are not apparent. Forbes & Plunkett (2018) found that the gap between the colors was at most a few months, suggesting it may not be apparent in the present study, where the gap between age groups is 3 to 4 months at least. In addition, Forbes and Plunkett find that there is a possible slight advantage to learning blue over other colors in British English, again not reflected in the present study, due to the size of the age gap between each group. The results of the present study also support the results of (Wagner et al., 2018) , who showed early comprehension in infants around 23 months of age, and possibly as young as 18 months. In contrast to Wagner et al. Figure 5 . Proportions of participants who were judged to know four or more color words according to three measures: marked as comprehending on the parental report, marked as comprehending and producing on the parental report, or based on their eye-tracking results. This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
(2018), the present study also examines the effect of age on color word comprehension, demonstrating when early comprehension begins.
It is important to note that the present study only utilizes six basic color words, and only typical examples of each of these terms. While our results suggest that comprehension occurs much earlier than previously thought, the findings may reflect an extremely basic comprehension of typical examples, not an adult-like understanding of the color word. Early comprehension may reflect only the beginning of a gradual, slow-mapped process (Wagner et al., 2013 (Wagner et al., , 2018 , after which the infant's comprehension will subsequently become more adult-like with each interaction, until their understanding extends to the boundaries of each color word. An area of interest for further studies would be to demonstrate how this process occurs, through longitudinal analysis.
Infant word learning can occur in a number of ways. Studies have shown that infants have a propensity to fast-map words under certain conditions (e.g., Heibeck & Markman, 1987) , but in general, word learning is a slow-mapped procedure over time (McMurray, Horst, & Samuelson, 2012) . In this sense, color word learning is not unique, with early comprehension preceding production, but occurs slowly over time as infants determine the location of the boundaries of each color word. It is possible that while a great deal of attention has been given to the difficulties that infants have with learning color words, it is simply the case that their errors are more obvious than those involving concrete nouns (Yurovsky, Wagner, Barner, & Frank, 2015) .
The present study demonstrates that British infants begin the process of comprehending color words as early as 19 months, and slowly start refining their comprehension over time with age. Although there is little doubt that there are manifold reasons that infants may struggle with the mapping of color words onto the continuous spectrum of color (Franklin, 2006; Kowalski & Zimiles, 2006; O'Hanlon & Roberson, 2006) , they are still able to learn color words with great efficiency, in much the same way as they do for other classes of words.
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